There is an increasing interest in comprehensive study of heavy fuel oil (HFO) due to its growing use in furnaces, boilers, marines, and recently in gas turbines. In this work, the thermal combustion characteristics and chemical composition of HFO were investigated using a range of techniques. Thermogravimetric analysis (TGA) was conducted to study the non-isothermal HFO combustion behavior. Chemical characterization of HFO was accomplished using various 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 (S 2 ), and purely hydrocarbons (HC). The DBE (double bond equivalent) abundance plots established for S 1 and HC provided additional information on their distributions in the HFO sample. The 1 H NMR and 13 C NMR results revealed that nearly 59% of the 1 H nuclei were distributed as paraffinic CH 2 and 5% were in aromatic groups. Nearly 21% of 13 C nuclei were distributed in aromatic groups indicating that most paraffinic CH 2 groups are attached to aromatic rings. A negligible amount of olefins was present and an appreciable quantity of monoaromatic and poly-aromatic content were observed. Molecular connectivity between the hydrogen and carbon atoms using HMBC spectra was utilized to propose several plausible skeletal structures in HFO.
INTRODUCTION
Petroleum is presently the most important energy resource for the world. Heavy crude oil fractions are a major economic revenue source because of their greater abundance compared to conventional light oil. 1 However, the increased demand for light distillate products has resulted in refineries producing even heavier fractions for the fuel oil market. A significant portion of the energy requirements in several locations of the world is met by combustion of heavy fuel oil (HFO). It is therefore important to investigate HFO basic oxidation and pyrolysis characteristics, so that the overall combustion process can be understood to aid in combustor design and emissions control. Furthermore, the chemical characterization of HFO can help understand fuel quality effects on combustion characteristics and emissions. The particulate emissions from HFO combustion may be divided into three basic categories; smoke, cenosphere, and ash. 2 Ashe residue and cenosphere correspond for the major part of the emitted particulates from HFO combustion. These types of particulates are mainly dependent on fuel composition. Most of the heavy fuel oils used in Saudi Arabia have asphaltene content in the range of 7-15 wt% with a 3 high sulphur content of 4 wt%. Nowadays, heavy fuel oil is a suitable alternative to conventional gaseous fuels used in gas turbines because of its availability and lower cost. 3 However, the high sulfur content, levels of thermal radiation, ash, other contaminants, as well as the troubles with atomization introduce difficulties in part maintenance and low emissions.
Recently, thermal analysis techniques have been applied to interpret fossil fuel oxidation and the pyrolysis kinetics parameters has gained interest. [4] [5] [6] [7] [8] [9] [10] Thermal analysis methods can be characterized as dynamic (non-isothermal) wherein the temperature is modified at a predefined heating rate, or isothermal wherein temperature is held constant. Thermogravimetry (TG) and differential thermogravimetry (DTG) analysis are the principal thermo-analytical methods developed to continuously investigate the physical and chemical changes occurring as the temperature of a sample is changed.
The first attempt to use thermo-analytical techniques to investigate the crude oil combustion was conducted by Tadema 4 . Additional studies have been conducted applying thermal analysis methods to in situ combustion (ISC) investigations. The oxidation and pyrolysis of heavy fuel oils and their aromatic, paraffinic, polar and asphaltenes fractions were investigated by Ciajolo and Barbella 5 . The thermogravimetric kinetics of individual oil fractions have been studied by several investigators [6] [7] [8] . Kok 9 characterized the medium and heavy crude oils in limestone matrix by the use of TG/DTG and differential scanning calorimeter (DSC). In the oxidation process of such oils, two major transitions were observed, specifically, low and high-temperature oxidation.
Recently, Fan et al. 10 employed thermogravimetric analysis technique to explore the oxidation performance of one sample of Chinese HFO, and obtain the kinetic parameters by using the Besides thermogravimetric methods, high-resolution analytical techniques for studying the molecular composition of complex fuels are of interest. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is extensively employed for crude oil analysis. [11] [12] FT-ICR MS allows resolution of complex elemental compositions for crude oil derived samples.
FT-ICR MS can be coupled to different ionization techniques such as ESI, APCI and APPI to characterize different petroleum matrices. [13] [14] [15] Recently APCI FT-ICR MS was used to characterize complex hydrocarbon mixtures containing saturated, aromatic and sulfur containing hydrocarbons without derivatization or adduct chemistry. 14, [16] [17] The information obtained from such MS analyses can be used to develop surrogate fuel mixtures and their chemical kinetic models for such complex hydrocarbon mixtures.
18-19
Nuclear magnetic resonance (NMR) spectroscopy analytical techniques have been well established over the past few decades to study the structure of organic molecules. NMR spectroscopy measures the chemical shift, which depends on the atomic surrounding of the investigated nuclei. A significant advantage of NMR is that accurate results which are also quantitative can be obtained as the intensity of the peaks are directly proportional to the number of nuclei. 
FT-ICR Mass
Spectrometry. The HFO sample was analyzed using a solariX Fourier transform ion cyclotron resonance mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) equipped with a 12 T refrigerated actively shielded superconducting magnet and a new dynamically harmonized analyzer cell. Sample preparation was performed by diluting 1 µl HFO in 5 ml n-heptane. The asphaltenes within HFO will precipitate, as they are insoluble in nheptane. The diluted HFO sample was directly infused with a flow rate of 50 µL/min into an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 remained after distillation processes. The HFO sample used in this study was collected from Saudi Arabian power generation facility. The oil was characterized in a sequence of standard tests to determine its physical properties and elemental composition, which are listed in Table 1 .
The A characteristic aspect of HFO is the presence of high sulphur content. Use of these fuels has often been limited and sometimes discontinued due to stringent regulations on sulphur emissions.
The sulphur content in the HFO depends on their geographical origin and it ranges from 0.5 % to 6% 33 by mass; it is 3.292 % by mass in the present sample. Desulphurization of HFO is a difficult task due to the complexity of the fuel and the need for molecular level characterization of sulphur compounds. Though a lot of research [34] [35] [36] has been carried out to study sulphur removal from heavy oils it yet remains elusive. The asphaltenes content is 8.2 wt %, while previous studies showed asphaltenes contents ranging from 2.6 to 12.12 wt % . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 steep descent line corresponding to a rapid mass loss is observed in the TG curve. In the LTO region, the side chains of heavy compounds are split and subject to low-temperature oxidation. 40 TG and DTG curves level off when the temperature reaches 342 °C, indicating a delay in the degradation process. Such occurrences may be attributed to the mass transfer resistance caused by the generation of "skin-like" products from the polymerization reaction in the LTO region 41 , where the rate of weight loss becomes less than 1 % per minute. 42 These results are summarized in Table 2 .
A global kinetic analysis was performed to obtain activation energies (E) in different temperature regions. During HFO combustion, non-isothermal weight loss kinetics is a complex phenomenon. This is because multiple reactions occur simultaneously; hence, the evaluated kinetic parameters should be regarded as apparent kinetic values representing complex parallel and serial reactions. We assume that the mass transfer constrains have negligible effect on the reaction progress of because the small size of the sample and there is an excess of purge gas 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 supply around the sample crucible. Therefore, it is reasonable to assume that the first-order rate equation can describe the non-isothermal combustion. 43 In this work, two different kinetic models (Arrhenius 44 and Coats and Redfern 45 , see also 10 ) were applied to determine the activation energy of HFO. In the Arrhenius model with reaction order of unity, it is assumed that the rate of the sample mass loss is mainly dependent on the rate constant, temperature, and the remaining mass of the sample. Based on that, the Arrhenius Kinetics equation could be take the following final form:
Where dW/dt is the rate of mass change (gm/s), A is the frequency factor (s -1 ), E is the activation energy (KJ/mol), R is the universal gas constant (8.314 J/mol K), and T is the temperature (K).
Applying this model to the TG/DTG results shown in In the Coats and Redfern approach, by defining ߙ as the sample fraction decomposition at any time t, the mass loss due to the thermal process can be addressed by the following rate equation:
Where k is the rate constant, n is the order of reaction, t time (s), A frequency factor (s -1 ), E activation energy (KJ/mol), R the universal gas constant (J/mol K) and T absolute temperature.
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The right hand side term of equation (3) has no exact solution, but by substituting u = E/RT, equation (3) for non-isothermal kinetics becomes:
Assuming n = 1 and taking logarithms of equation (4) and, we obtain equation (5) log ଵ ቂ− log ଵ (ଵିఈ)
By knowing β and TG data, a plot of log ଵ ቂ− log ଵ (ଵିఈ) ் మ ቃ versus 1/T (as illustrated in Fig. 2b ), the activation energy, E, can be obtained from the slope of the straight lines fit for both LTO and HTO regions. The observed activation energies for LTO and HTO reaction regions using both methods are shown in Table 2 . As indicated, a higher activation energy value was obtained in HTO regions at higher temperature. The change of the combustion mode in these three distinct regions leads to the different activation energies from one region to another. In the LTO region, the fuel is partially oxidized and pyrolyzed via heterogeneous reactions, and the oxidation rate of asphaltenes is very slow with almost no mass loss. 46 The LTO region is followed by homogenous (gas phase) reactions in the FD region to form the fuel compounds for the HTO region. The reactions in the third region appear to be in the mode of hydrocarbon/char reactions 9, 46 . Similar trends of the activation energies were obtained in 9, 46 with slightly higher values, which is most likely due to the higher asphaltenes content in the current sample. The difference in the activation energy obtained by both methods is due to the different model assumptions and equation parameters.
FT-ICR MS results. The positive-ion mode APCI-FT-ICR mass spectrum of HFO is
shown in Fig. 3 . The average resolution of the full width at half maximum (FWHM) peak height 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 was almost 600,000 across the mass range of m/z 250 and 1500. However the average resolution between m/z 250 and 700 was almost 1,000,000. More than 3,100 unique masses were recorded (number represents protonated ions of the identified class species). Such massive count of molecular species can only be resolved and assigned by the FT-ICR MS. This is evident in the zoomed mass insets at m/z 761 which shows 17 different elemental compositions were assigned in Fig. S1 . About 12000 singly charged ions were recorded considering their isotopic distribution pattern in the HFO mass spectrum (including isotopes and molecular ion peaks). the HFO sample indicates that the class species had one main molecular core structure that are and 13-15 DBE respectively. These BT, DBT and BNT with one or more additional naphthenic rings exhibit a wide range of carbon number reaching up to 100 carbon atoms. In contrast to S1
class, HC class species cover up to 80 carbon atoms as shown in Fig. 5b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 they are completely substituted and thus go unaccounted for. Correction factors to account for these inherent errors while assigning the chemical shifts have been introduced by some workers. 52 The range of the chemical shifts used for different structure groups and their corresponding percentage obtained after integrating the baseline corrected spectrum of 1 H NMR and 13 C NMR are reported in Table S1 and Table S2 , respectively using [47] [48] [49] [50] [51] , while the percentages of these structure groups deduced from 1 H NMR and 13 C NMR are presented in Fig.   6 . 1 H NMR results indicate that HFO contains a significant quantity of paraffinic H atoms (CH 3 , CH 2 ), relatively low amount of mono aromatic and polyaromatic H atoms (5%), and a negligible percentage of olefins. This result corroborates the HFO data extracted from FTICR MS results.
The high abundance of paraffinic CH 3 and CH 2 units confirms the alkylation degree demonstrated in the DBE vs. carbon number distribution plots for HC and S1 classes (Fig. 5 ).
The high alkylation degree (CH 2 -increments of 59.2 % in 1 H NMR) of the same homologous series explains the high carbon number range present in Figure 5 . The 13 C NMR spectra showed the presence of many different types of C atoms of varying proportions. 5% of the C atoms were naphthenic in nature. Aldehyde and ketonic C atoms and olefinic C atoms were found to be negligible. It is interesting to see that although 19% of the C atoms occur in aromatic groups only 5% of H atoms are aromatic. This is expected since aromatic groups are mainly CH or quaternary and thus contain fewer protons, whereas CH 3 and CH 2 groups in the aliphatic region are bonded to a greater number of protons. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 cycloparaffin CH 2 carbon atoms corroborates the DBE series which represent naphthenic derivatives of both PAHs (HC) and PASHs (S1) shown in Fig. 5 . Combining the results of FTICR-MS and NMR indicates that the molecules in the HFO are aromatic-based with high degree of alkylation. It is important to mention that 13 C NMR is less sensitive compared to 1 H NMR because of its lower sensitivity and low natural occurrence of 13 C nuclei; yet it is widely used for structure elucidation of complex mixtures as it generates a spectra with well resolved features. Furthermore, 13 C NMR has a larger shift (> 220 ppm) and thus there is greatest error associated with chemical shift assignments to different structural groups.
To understand molecular connectivity between the atoms, two-dimensional NMR methods can help to identify hydrogen atoms attached to carbon atoms several bonds away. Heteronuclear multiple bond correlation (HMBC) is a powerful 2D NMR technique which is used for the structural understanding of complex molecules. It detects the 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 various possible skeletal structures of the molecule can be identified. The various plausible structures for different regions assuming a 20-carbon molecule are reported in Table 3 indicates high prevalence of connectivity between naphthenic C atoms to paraffinic H atoms.
Similarly other regions identified in Fig. 8 help to establish important C-H connectivity's present in HFO. The results from HMBC unravel the structural connectivity, which is suggested by the FTICR MS data. The connectivity of CH 3 and CH 2 into aromatic and naphthenic rings present in the various DBE series shown in Fig.5 is elucidated. The structures of molecules shown in Table   3 using the data from HMBC NMR helps in understanding the structural distribution of molecules and in generating surrogate molecules that could represent HFO. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 temperature (LTO) region, a fuel deposition region (FD), and the high temperature (HTO) region. At the high end of the LTO region, a mass transfer resistance (skin effect) was observed and associated with a plateau in the TG/DTG curves. The gathered data and the corresponding analyses enabled a kinetic analysis of the reaction regimes. The apparent activation energy was calculated based on the classical Arrhenius and Coats and Redfern models. The TGA data showed that the activation energy of HTO is higher than that for LTO. Even though the kinetic model used has several limitations, it provides information for comparative purposes.
CONCLUSIONS
The detailed compositional analysis of the HFO sample was performed using a high resolution C NMR data showed that the HFO contains different structural groups. Most of the H atoms were distributed in paraffinic groups (CH 2 , CH 3 ) and that they are most likely attached to aromatic rings. The quantity of olefins was found to be negligible. HMBC spectra were used to propose several skeletal structures from the high intensity regions and it could be seen that most of the skeletal structures have paraffinic (alkyl) groups attached to aromatic rings.
Understanding these structural groups gives valuable insight for predictive combustion studies.
The thermal gravimetric and chemical characterization of HFO presented herein provides an improved understanding of the HFO thermal oxidation behavior and molecular structure. This
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